Introduction {#sec1-1}
============

Chronic kidney disease (CKD) is a chronic disease which affects people globally. Based on the latest estimation by the Centers for Disease Control and Prevention, more than 10% of adults in the United States may have various levels of CKD. The patients with CKD have a sustained lower glomerular filtration rate, which is a key measure of kidney function, and they may also exhibit signs of chronic kidney damage, such as the atypical leakage of proteins from plasma into urine ([@ref1]). The pathological characteristics of CKD include fibrosis of the glomeruli, loss of glomerular capillaries (glomerulosclerosis), and inflammation. Inflammation can also be observed in the rest of the kidney as leukocytes were recruited along with interstitial fibrosis, atrophy (injury with flattening), and loss of either tubule epithelium and/or peritubular capillaries ([@ref2]). Apoptosis has been associated with the CKD development process, especially in the late stage of renal failure, and much higher apoptosis rate is found in the renal cells. But the detailed molecular mechanism of CKD development is not well understood.

As a family of small, non-coding RNAs, microRNAs (miRNAs) regulate gene expression by binding to the complementary site of their target mRNAs and inhibiting translation of these genes ([@ref3]). Their primary function is to facilitate the degradation of their target mRNAs, thereby, regulating the expression levels of their target genes. MicroRNAs have also been shown to inhibit protein translation of their target mRNAs (translational suppression) ([@ref4]). In the kidney, microRNA-205 (miR-205) is highly expressed and very abundant ([@ref5]); however, the biological function of miR-205 in renal cells is still unknown. It has been reported that miR-205 is one of the most notably down-regulated miRNAs in human breast tumors. In addition, low expression of miR-205 has been associated with a higher chemotherapy relapse in patients who suffered from triple-negative breast cancer (TNBC) with enriched cancer stem cell population ([@ref6]). It is interesting to note that recent studies have revealed the complex roles of miR-205 as it acts either as an oncogene or as a tumor suppressor gene under different conditions ([@ref7]). Nonetheless, the role of miR-205 in CKD development is still unclear.

CKLF-like MARVEL transmembrane domain containing member (CMTM) represents a gene family that consists of Chemokine-like factor (CKLF) and *CMTM1* to *CMTM8*. These genes not only play important roles in the immune and male reproductive systems, but also are shown to be involved in tumorigenesis. *CMTM4*, is the most conserved one among the members of this family. It was first identified in 2009 and its protein is highly expressed in the kidney, brain and heart. It was shown that *CMTM4* could exert inhibitory effects on the growth of HeLa cells through the induction of G2/M phase accumulation ([@ref8]). However, we discovered that *CMTM4* is a novel target for miR-205 and could promote renal cell apoptosis.

Here, we examined the microRNAs expression profile in rat CKD model, and found that the expression of miR-205 was significantly up-regulated among all the microRNAs screened in the current study. Furthermore, mechanistic studies indicated that overexpression or knockdown of miR-205 expression in HK-2 renal cells would result in the expression modulation of *CMTM4* gene and therefore, affects renal cell apoptosis. These findings will help us to identify the role of miR-205 in the progress and prognosis of CKD.

Materials and Methods {#sec1-2}
=====================

Construct of CKD rats model {#sec2-1}
---------------------------

The animal experiments were conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Male Sprague-Dawley rats (n=10) with body weight of 200-220 g were fed with a powdered chow containing 0.7% adenine for 2 weeks to induce chronic interstitial nephropathy \[[@ref9]\]. Rats were kept in cages (three or four animals per cage) and had free access to food and water ([@ref10]). They were then anesthetized and euthanized by cardiac exsanguination. Afterwards, the kidneys were removed instantly and processed for the following qRT-PCR and Western blot analysis.

Cell culture {#sec2-2}
------------

HK-2 cells (ATCC® CRL-2190™) and HEK293 (ATCC® CRL-1573™) were maintained in high-glucose DMEM supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 U/ml).

Plasmid preparation {#sec2-3}
-------------------

Luc-CMTM4-3'UTR was purchased from RiboBio (RiboBio, China), and the mutation of miR-205 binding sites in luc-CMTM4-3'UTR was performed by TransGen (TransGen, China). The pcDNA3.1-CMTM4 (CMTM4 OE) was commercially constructed by GeneChem (GeneChem, China). siRNAs targeting the *CMTM4* (si CMTM4) was purchased from Sigma Aldrich (St. Louis, MO, USA), and the non-targeting siRNA control (si Ctrl) from Sigma Aldrich was used as the control.

miR-205 scramble, mimics and inhibitor transfection {#sec2-4}
---------------------------------------------------

The miR-205 scramble, mimics and inhibitor were all purchased from RiboBio (Ribo, China), which were chemically synthesized fragments. miR-205 mimics had the same sequence as the mature miR-205, whereas inhibitor was fragments complementary with mature miR-205, scramble miRNA was 22 nucleotides long and used as the control. Transfection was done according to the manufacturer's protocol with Lipofectamine 2000 (Life Science, NY, USA).

RNA extraction and qRT-PCR {#sec2-5}
--------------------------

Total miRNAs were isolated using mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA), followed by reverse transcriptions using Takara RNA PCR kit (Takara Biotechnology, Dalian, China). To quantify the transcriptional levels of the certain genes, real-time PCR was performed using a SYBR Green Premix Ex Taq (Takara, Dalian, China) according to the product specification. Relative expression levels of the miRNA were normalized to that of RNU6, which was routinely used as an internal or endogenous control for miRNA expression. The primers used in qRT-PCR were purchased from RiboBio (RiboBio, China) and the reaction was performed according to the manufacturer's instructions.

Western blot analysis {#sec2-6}
---------------------

Total protein extracts were obtained using 1x lysis buffer (150 mM NaCl, 10 mM Tris \[pH 7.2\], 5 mM EDTA, 1% sodium deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate) containing protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA). The proteins were analyzed by Western blot using antibodies against CMTM4 (Santa Cruz, CA, USA). Antibodies against GAPDH (Santa Cruz, CA, USA) served as the loading control.

Luciferase Assays {#sec2-7}
-----------------

HEK293 cells were seeded at a density of 1×10^5^ cells per milliliter in a 24-well plate. When the cells reached about 70% confluence, miR-205 scramble or mimics were co-transfected into cells with luc-CMTM4-3'UTR. Lysates were collected 36 hr after transfection, and luciferase activity was measured using the dual luciferase assay (Promega, Madison, WI, USA) according to the manufacturer's instructions and normalized against the Renilla luciferase activity.

Flow cytometry analysis of apoptosis {#sec2-8}
------------------------------------

Cultured cells were harvested by trypsinization and washed with 1x PBS. For each sample, 1×10^6^ cells were stained with the Annexin V-FITC/PI apoptosis detection kit (BD Biosciences, San Jose, CA) according to the manufacturer's instructions, and then analyzed using FACS Calibur (BD Biosciences, CA, USA).

Statistical analysis {#sec2-9}
--------------------

Data represent the results of three independent experiments. Differences between groups were analyzed using Student's *t*-test analysis and expressed as mean±SD from at least three separate experiments. Data were considered to be statistically significant when *P*\<0.05.

Results {#sec1-3}
=======

microRNAs were aberrantly expressed in CKD rat models {#sec2-10}
-----------------------------------------------------

To study miRNA function in patients with CKD, we used an *in vivo* model using Sprague-Dawley rats with adenine-induced chronic renal disease. Chronic dietary adenine intake can induce kidney damage in rats, which is a perfect model to mimic CKD in a clinical setting ([@ref11]). To explore the potential epigenetic mechanism that could be involved in the regulation of this process, we analyzed changes in the global miRNA expression profile in CKD rats using a genome-wide miRNA-PCR array. Among the miRNAs that were down-regulated, miR-205 was identified as the most significant one (*P*\<0.01). Quantitative real time PCR (qRT-PCR) has confirmed our finding. As shown in [Figure 1A](#F1){ref-type="fig"}, the expression level of miR-205 was drastically decreased with maximum inhibition as compared to the other miRNAs, and the miR-205 level retained only about one-fifth of the expression level of the control rats, followed by the expression levels of miR-29, miR-21 and miR-192 ([Figure 1A](#F1){ref-type="fig"}).

![MicroRNAs were aberrantly expressed in CKD rat models\
(**A**) Expression levels of miRNAs were screened by genome-wide miRNA-PCR array in rats CKD models. A set of the most significantly down-regulated miRNAs are selected, and quantitative real-time PCR were used to show their relative expression levels in normal rats (N) and in CKD rats model (C). (**B**) Expression levels of miR-205, -21, -29 and -192 in renal HK-2 cells with 6 hr of cisplatin treatment. \**P*\<0.05, and \*\**P*\<0.01 compared with the control](IJBMS-18-1020-g001){#F1}

Short exposure of cisplatin can activate apoptosis. We incubated HK-2 cells with 100 μg/ml of cisplatin for 6 hr, and cells were collected to examine the expressions of the above-mentioned miRNAs. Using qRT-PCR analysis, we observed a decreased expression level of miR-205 in cells treated with cisplatin compared with the control cells, and levels of miR-29, miR-21 and miR-192 were also mildly down-regulated following cisplatin treatment ([Figure 1B](#F1){ref-type="fig"}). As it was consistent with our *in vivo* results, we chose miR-205 with the most significant changes both *in vivo* and *in vitro*, as the subject of our study. These results suggested that the changes in the levels of miR-205 expression in response to cisplatin stimulus may have some critical biological functions in the renal cells.

miR-205 could protect renal cells from cisplatin-induced apoptosis {#sec2-11}
------------------------------------------------------------------

To further gain insight into the biological function of miR-205, the gain-of-function and loss-of-function experiments were designed. We transiently overexpressed miR-205 in HK-2 cells by transfection with miR-205 mimics, and silenced the expression of miR-205 by transfection of miR-205 inhibitor to study its roles in HK-2 cells. The scramble was used as the negative control ([Figure 2A](#F2){ref-type="fig"}). To study the effect of miR-205 in cisplatin-induced apoptosis, flow cytometry analysis was employed with Annexin-V staining. While HK-2 cells treated with mimics were more resistant to cisplatin-induced apoptosis as compared to cells containing the scramble miRNA (*P*\<0.05), knockdown of endogenous miR-205 could induce higher apoptosis rate than cells with scramble (*P*\<0.05) ([Figure 2B](#F2){ref-type="fig"}).

![MiR-205 protected renal cells from cisplatin-induced apoptosis\
(**A**) miR-205 was overexpressed by transfection of miR-205 mimics or knockdown by inhibitor against miR-205 as measured by quantitative PCR assay. Scramble served as the control. (**B**) Representative images of flow cytometry analysis showing Annexin V/PI stained HK-2 cells with scramble, miR-205 mimics or miRNA inhibitor against miR-205, in the presence of cisplatin (100μg/mL) for 6 hr. Results from three independent experiments quantifying the percentage of Annexin V-positive cells are summarized. \* *P*\<0.05, and \*\* *P*\<0.01 compared with the control](IJBMS-18-1020-g002){#F2}

CMTM4 is the target formiR-205 {#sec2-12}
------------------------------

To elucidate the detailed molecular mechanisms of the protective effect of miR-205 in renal cell apoptosis, we surveyed its potential targets using TargetScan (Whitehead Institute for Biomedical Research, Cambridge, MA, USA). The *CMTM4* was the most possible target with the highest score among all the potential targets. Indeed there are two miR-205 conserved binding sites at the 3'UTR region of *CMTM4* gene mRNA ([Figure 3A](#F3){ref-type="fig"}). Western blot analysis showed that overexpression of miR-205 attenuated *CMTM4* expression, whereas knockdown of miR-205 elevated the expression of *CMTM4* in HK-2 cells ([Figure 3B](#F3){ref-type="fig"}). In addition, luciferase assay showed that addition of 100 nM of miR-205 mimics resulted in decreased luciferase activity of the wild-type CMTM4-3'UTR (luc-CMTM4-3'UTR-WT) in HEK293 cells; However, when the binding site sequence on the 3'UTR of *CMTM4* mRNA was mutated from the wild-type "UGAAGG" to "UGAACC", the inhibitory effect was not observed ([Figure 3C](#F3){ref-type="fig"}). In the presence of miR-205, the cells containing *CMTM4* reporter with mutated miR-205-binding sites (luc-CMTM4-3'UTR-Mut) had a similar level of transcriptional activity with that in the absence of miR-205, suggesting the miR-205 could modulate the transcriptional activity of CMTM4 ([Figure 3C](#F3){ref-type="fig"}).

![*CMTM4* is the target of MiR-205\
(**A**) Putative miR-205 binding sites on the 3'UTR of CMTM4 mRNA with potential complementary residues showing in black. (**B**) Western blot analysis showing the protein levels of CMTM4 in HK-2 cells treated with scramble, miR-205 mimics and miRNA inhibitor against miR-205. GAPDH was used as a loading control. (**C**) Luciferase activity was used to measure the transcriptional activity of the luc-CMTM4-3'UTR (WT) or luc-CMTM4-3'UTR (Mut) in HEK293 cells co-transfected with miR-205, and Renilla was used as internal control. \* *P*\<0.05, and \*\* *P*\<0.01 compared with the control. Data represent the results of three independent experiments](IJBMS-18-1020-g003){#F3}

CMTM4 participated in renal cell apoptosis {#sec2-13}
------------------------------------------

Next, we explored the function of *CMTM4* gene in renal cell apoptosis induced by cisplatin. Firstly, we prepared the CMTM4 overexpression plasmid (CMTM4 OE) as well as the siRNA plasmid (si CMTM4) targeting CMTM4, and transfected both constructs into HK-2 cells, respectively. The result showed that *CMTM4* was upregulated or silenced in cells with overexpression plasmid or the *CMTM4* siRNA, respectively as assessed by Western blot ([Figure 4A](#F4){ref-type="fig"}).

To understand how *CMTM4* exerts its function in cisplatin-induced apoptosis, we conducted flow cytometry analysis. The results showed that in response to cisplatin treatment, overexpression of *CMTM4* could enhance apoptosis, the percentage of Annexin V-FITC positive apoptotic cells was increased from 52% to 74%, whereas knockdown of *CMTM4* could partially protect cells from apoptosis, the percentage of apoptotic cells was dropped from 56% to 33% ([Figure 4B](#F4){ref-type="fig"}), suggesting that *CMTM4* plays a role in renal cell apoptosis.

![*CMTM4* played a role in renal cell apoptosis\
(**A**) Western blot analysis showing the protein levels of *CMTM4* in HK-2 cells transfected with *CMTM4* overexpression plasmids (OE) (left panel) and siRNA against CMTM4 (right panel). The vector plasmid (Vector) and the scrambled siRNA (NC) served as negative controls, respectively. (**B**) The result of quantitative analysis from the flow cytometry assay on HK-2 cells transfected with CMTM4 OE plasmid (CMTM4 OE) or siCMTM4 nucleotide fragment (siCMTM4) in the presence of cisplatin (100 μg/ml). \* *P*\< 0.05, and \*\* *P*\<0.01 compared with the control](IJBMS-18-1020-g004){#F4}

miR-205 failed to protect renal cell from apoptosis when the binding sites on CMTM4 mRNA were changed {#sec2-14}
-----------------------------------------------------------------------------------------------------

In order to determine whether miR-205 indeed inhibits apoptosis through its target *CMTM4*, miR-205 mimics and *CMTM4* expressing plasmid lacking mir-205 binding sites were co-transfected into HK-2 cells and then, treated with cisplatin. Western blot analysis showed that miR-205 could not decrease the protein level of exogenous *CMTM4* because *CMTM4* expressing plasmid did not have miR-205 binding sites ([Figure 5A](#F5){ref-type="fig"}). Annexin V-FITC assay was employed to evaluate the effect on renal cell apoptosis, and the results demonstrated that although there were abundant miR-205 in HK-2 renal cells, *CMTM4* overexpression could still promote cell apoptosis, and the apoptosis rate remained at normal level ([Figure 5B](#F5){ref-type="fig"}). Without the interaction between miR-205 and *CMTM4* 3'UTR, the anti-apoptotic effect of miR-205 was diminished, suggesting that miR-205 mediates apoptosis through its transcriptional modulation of *CMTM4* gene.

![*CMTM4* reversed the anti-apoptosis effect of MiR-205.\
(**A**) Western blot analysis showing the protein expression level of CMTM4 in HK-2 cells co-transfected CMTM4 overexpression plasmid with scramble or miR-205 mimics. (**B**) Quantitative analysis from the results of the flow cytometry assay on HK-2 cells co-transfected with CMTM4 overexpression plasmid (CMTM4 OE) and scramble control or miR-205 mimics in the presence of cisplatin (100 μg/ml)\
\*\* *P*\<0.01 compared with the control. Data represent the results of three independent experiments](IJBMS-18-1020-g005){#F5}

Discussion {#sec1-4}
==========

Based on the statistics by the global burden of disease (GBD), diseases of the kidney and urinary tract were ranked the 12th among causes of death which accounts for 1.4 percent of all deaths, and the 17th among causes of disability ([@ref12]). CKD patients often suffer from cardiovascular or cerebrovascular diseases, and they often die from the complications ([@ref13]). Patients with different types of CKD usually progressively lose their renal functions, gradually develop glomerular sclerosis and/or renal interstitial fibrosis which are eventually deteriorated with kidney failure ([@ref14]). In general, the final stage of the renal diseases is called the "end-stage renal disease", and patients have no choice but undergoing renal replacement therapy to regain renal function.

Emerging evidences showed that miRNAs play important roles in kidney development and kidney diseases. Results from clinical and experimental animal studies demonstrate that miRNAs play essential roles in the pathogenesis of various renal diseases. CKD is characterized by renal fibrosis. Transforming growth factor beta (TGF-β) is recognized as a major mediator of renal fibrosis because it is able to stimulate the accumulation of extracellular matrix (ECM) proteins to impair normal kidney function. In recent years, emerging evidence illustrate the relationship between TGF-β signaling and miRNAs expression during renal diseases development. The expressions of several miRNAs were up-regulated by TGF-β signaling pathway, such as miR-21, miR-29, miR-192, miR-200, and miR-433, in which miR-21, miR-192, and miR-433 are reported to be positively induced by TGF-β signaling, and they play a pathological role in kidney diseases. However, members of both miR-29 and miR-200 families which are inhibited by TGF-β signaling, protect kidneys from renal fibrosis by suppressing the deposition of ECM and preventing epithelial-to-mesenchymal transition, respectively ([@ref15]). In this paper, we validated the protective effect of miR-205 in the CKD development. It was reported that miR-205 level distinguished squamous cell carcinoma from adenocarcinoma in lung cancer biopsies ([@ref16]). Also, it was shown that long non-coding RNA MALAT1 could promote aggressive renal cell carcinoma through Ezh2 and interacts with miR-205 ([@ref17]). Li et al revealed a new potential pathway in which VEGF promoted the invasion of ovarian cancer cells via suppressing the expression of Ezrin and Lamin A/C caused by increased expression of miR-205 ([@ref18]). In addition, it was found that miR-205 promoted radio-sensitivity and was down-regulated in radio-resistant subpopulations of breast cancer cells, and that loss of miR-205 was highly associated with poor distant relapse-free survival in breast cancer patients ([@ref19]). However, our study is the first one to discuss the biological function of miR-205 in the chronic kidney disease. Previous studies have reported that miR-205 could regulate cell proliferation and apoptosis through targeting several proteins including Bcl-2, PTEN and ERBB2 ([@ref20], [@ref21]). In this study, CMTM4 was validated as a novel target of miR-205 in the chronic kidney disease. CMTM4 is the most conserved member of CMTM, which is a novel gene family consisting of CKLF and CMTM1-8. Previous studies demonstrated that the changes in CMTM4 expression may affect cell cycle and division in HeLa cells ([@ref8], [@ref22]). In our study, we are the first to illustrate another function of CMTM4 in renal cell apoptosis.

MiRNAs represent potential new therapeutic targets for some complex diseases for which effective therapies are lacking while they continue to increase in prevalence worldwide. Several researches aiming at improving common diagnostic markers for CKD, have identified some circulating miRNAs as possible diagnostic and even prognostic biomarkers for kidney disease ([@ref23]). In this study, we elucidated a novel mechanism via which the anti-apoptosis molecule miR-205, coordinates the expression of its target gene CMTM4 to modulate the renal cells apoptosis, revealing important clinical implications for miR-205 in the prognosis and treatment of CKD. While the animal experiments that investigate the therapeutic effects of miR-205 in CKD are on the way, we hope our findings could potentially help to achieve pain relief in CKD patients using the microRNA molecule drugs.

Conclusion {#sec1-5}
==========

This study revealed miR-205 as an important inhibitor in the regulation of apoptosis in renal cells. Our results would lead to a better understanding of the pathogenesis of renal tumorigenesis and also, shed light on developing a diagnostic marker or a potential therapeutic target to hinder CKD development.
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